ABSTRACT A chamber to monitor mole cricket behavior was designed using two different soil-Þlled containers and photosensors constructed from infrared emitters and detectors. Mole crickets (Scapteriscus spp.) were introduced into a center tube that allowed them to choose whether to enter and tunnel in untreated soil or soil treated with Beauveria bassiana (Balsamo) Vuillemin. Each time the cricket passed through the photosensor located near the entrance of soil-Þlled containers, the infrared light was blocked and the exact moment that this occurred was logged onto a computer using custom-written software. Data examined included the Þrst photosensor trigger, total number of sensor triggers, presence of tunneling, and Þnal location of the cricket after 18 h. These behaviors were analyzed to discern differences in mole cricket behavior in the presence of different treatments and to elucidate the mechanism that mole crickets use to detect fungal pathogens. The Þrst study examined substrate selection and tunneling behavior of the southern mole cricket, Scapteriscus borellii GiglioTos, to the presence of Þve strains of B. bassiana relative to a control. There were no differences between the Þrst sensor trigger and total number of triggers, indicating the mole crickets are not capable of detecting B. bassiana at a distance of 8 cm. Changes in mole cricket tunneling and residence time in treated soil occurred for some strains of B. bassiana but not others. One of the strains associated with behavioral changes in the southern mole cricket was used in a second experiment testing behavioral responses of the tawny mole cricket, S. vicinus Scudder. In addition to the formulated product of this strain, the two separate components of that product (conidia and carrier) and bifenthrin, an insecticide commonly used to control mole crickets, were tested. There were no differences in mole cricket behavior between treatments in this study. The differences in behavioral responses between the two species could suggest a more sensitive chemosensory recognition system for southern mole crickets.
Areas of managed turfgrass have grown signiÞcantly over the past two decades, and along with that growth has come an increased focus on control of turfgrass pests. Mole crickets are considered to be one of the most signiÞcant groups of turf and pasture grass pests in the southeastern United States (Walker and Ngo 1982) because of the substantial damage they cause. The tawny mole cricket, Scapteriscus vicinus Scudder, feeds almost entirely on plant material, whereas S. borellii Giglio-Tos, the southern mole cricket, is predominantly predatory (Ulagaraj 1975 , Taylor 1979 , Matheny 1981 . Root feeding by tawny mole crickets can result in more substantial damage than southern mole crickets, but both species cause desiccation of the root system through the production of extensive underground and surface tunnels (Villani et al. 2002) . Over the course of the summer as the nymphs develop and increase their feeding, damage appears as the thinning of turfgrass stand with eventual total turf loss possible (Frank and Parkman 1999) . Total loss of turfgrass can lead to an invasion by opportunistic weeds and the need for reestablishment. Even small populations of mole crickets can be signiÞcant if they attract predators such as armadillos, raccoons, or birds that cause serious damage in attempts to forage for food (Frank and Parkman 1999) .
Chemical control of mole crickets is often difÞcult to accomplish without the use of higher insecticide rates or repeated applications (Xia et al. 2000) . Additionally, because of the cosmetic nature of turfgrass, it is difÞcult to determine threshold levels and establish acceptable levels of control; these vary by use, location, and clientele expectations. Some of the issues that are associated with the use of synthetic insecticides in turfgrass include potential impacts on surface and groundwater, nontarget wildlife, human exposure, and persistence and degradation in the environment (Racke 2000) . There is societal concern over the use of chemical insecticides in turfgrass that is in close proximity to environmentally sensitive areas such as irrigation lakes, wildlife habitats, or residential homes (Villani et al. 2002, Thompson and . Because of these concerns, it has become critical to explore alternative methods of control that pose fewer risks to the environment.
Biological control agents, such as pathogenic fungi, are an alternative option for mole cricket control in turfgrass (Brandenburg and Villani 1995) . Unlike entomopathogenic nematodes, fungal conidia do not require entry through a bodily opening to infect a pest insect. The conidia attach to the insect cuticle and germinate, penetrating into the hemocoel, and cause mortality through the depletion of hemolymph nutrients or production of toxic fungal metabolites (Jaronski and Goettel 1997). Beauveria bassiana (Balsamo) Vuillemin is one of the most widely researched and efÞcacious species of entomopathogenic fungi, with pathogenicity shown to Ͼ200 different species of insects (Feng et al. 1994) . Only a few Þeld studies using this naturally occurring soil fungus have been conducted on mole crickets, but data have failed to show consistent levels of acceptable control (Hertl and Brandenburg 1998 , Harris 1999 , Xia et al. 2000 , despite effectiveness in laboratory studies. Pathogenicity to mole crickets is strain speciÞc, with strains isolated from Orthoptera causing the most mortality in the shortest amount of time after exposure .
One possible explanation for the discrepancy between laboratory and Þeld results is avoidance of B. bassiana conidia by mole crickets. Villani et al. (2002) and observed changes in mole cricket tunneling behaviors to avoid contact with B. bassiana conidia. It is believed that mole crickets exhibit such avoidance behaviors to prevent contact with the conidia until they are no longer viable and infective. Our objective was to determine whether mole crickets avoid entering pathogentreated soil or enter treated soil but have shorter residence times. Complete avoidance of treated soil suggests the detection of volatile cues, which may inßuence mole cricket behaviors. Abandonment of treated soil after contact suggests that mole crickets detect chemical cues associated with the conidia either by contact chemoreception or through postingestional mechanisms. We developed a behavioral assay chamber that uses two sets of photosensors (each made from one infrared emitter and its corresponding detector) to monitor mole cricket movement into B. bassiana treated or untreated sand (Thompson 2006) . Photosensors using infrared emitters and detectors have been used to monitor the behaviors of ants (Sharma et al. 2004) , blow ßies (Cymborowski et al. 1996 , Cymborowski 2003 , and Drosophila melanogaster Meigen (Sheeba et al. 2001 (Sheeba et al. , 2002 . Our design allowed us to establish behavioral responses toward speciÞc B. bassiana strains and determine whether the mole crickets require contact or close proximity to conidia to detect and avoid them. (331275) isolate and its origination is speciÞed as Orthoptera with no speciÞc location. J. L. Stimac isolated strain 5977 in Florida from the tawny mole cricket. These three strains were chosen because all originate from orthopteran hosts, and previous research indicates that strains isolated from a close relative of the target host are the most pathogenic . DB-2 was originally obtained from darkling beetles in poultry houses in North Carolina (Apuya et al. 1994 (Ulagaraj and Walker 1973 ) that mimic the male mole cricket calls, which they produce in the evenings during the spring months to attract females for mating (Ulagaraj 1976) . The callers were suspended above a modiÞed pool catch trap, which used two plastic wading pools, one placed on top of the other (Thompson and Brandenburg 2004) . The pool on top had holes cut into it, through which the crickets fell after they ßew to the callers, and the bottom pool was Þlled with moist sand to hold the crickets until they were harvested. Crickets were collected on a weekly basis during these 3 mo. All crickets were held individually to prevent cannibalism and maintained in soil from The Lakes Country Club collection site (classiÞed as Wando Þne sand, humic matter ϭ 0.36%, pH ϭ 6.2, cation exchange capacity ϭ 4.5) at 10% moisture in a climate-controlled laboratory on the campus of North Carolina State University (Raleigh, NC). The crickets were fed earthworms until the behavioral tests were performed.
Materials and Methods

Propagation
For the second study, tawny mole cricket nymphs were collected in August and September 2005 from Sandpiper Bay Golf Course driving range. Crickets were ßushed to the surface using a soapy water ßush consisting of a 0.4% solution of Joy brand liquid dish-washing detergent (Proctor and Gamble, Cincinnati, OH) in water (Short and Koehler 1979) . Once the crickets reached the surface, they were rinsed in water to remove any soap residue and placed in plastic buckets Þlled with moist soil from The Lakes Country Club site. All crickets were held and maintained in large plastic containers Þlled to a depth of 45 cm with 10% moisture soil from the collection site. The crickets were kept in a greenhouse on the campus of North Carolina State University and allowed to feed on Bermuda grass Cynodon dactylon L. sod. To ensure that our method of collecting tawny mole crickets did not harm the crickets, we maintained them in the greenhouse for 2 wk after collection and only tested crickets that appeared to be healthy.
Behavioral Studies. All behavioral tests involved a two-container setup that was constructed out of two 2.25-liter plastic food-storage containers (Ziploc Large Rectangle Snap Õn Seal Lids; SC Johnson and Son, Racine, WI). The containers were connected to one another through two 10-cm pieces of clear plastic tubing (Watts Clear Vinyl Tubing) that were attached in the center with a T-shaped plastic tube connector ( Fig. 1 ). Each piece of tubing was attached to its respective container with hot glue at a circular opening made in the center of the longer side (Ϸ13 cm from each end and 2.5 cm from the top). A 12-cm piece of tubing (entrance tube) was attached perpendicularly to the other two tubes with the T connector ( Fig. 1) . Both containers were Þlled with 1,320 g of 7% moisture Wando Þne sand. This design allowed a mole cricket to be introduced into the center tube and choose which container to enter (treated or untreated) once it reached the top of the T.
Photosensors using infrared emitters and detectors were placed 2.0 cm from the containers (Fig. 1) and monitored mole cricket entry into each container (Thompson 2006) . A set of one infrared emitter and one detector was placed in opposite ends of a square plastic block that was bored out to allow passage of the clear tubing through it. Our use of infrared emitters and detectors was similar to Sharma (2003) , but a different data acquisition system and software were used to collect the data on the computer. Data were compiled with a 24-port USB-based I/O digital data acquisition module (model PMD-1024LS; Measurement Computing, Middleboro, MA). Custom-written software using the LABView programming language (National Instruments, Austin, TX) logged data onto a desktop computer (Dell, Round Rock, TX) with an Intel Pentium four processor (Santa Clara, CA), 3.0 GHz, and Microsoft Windows XP (Redmond, WA) for 18 h after the start of the test (Thompson 2006) . Every time a mole cricket passed through a photosensor, the exact time that the infrared light was blocked was logged onto a spreadsheet on the computer. The software design allowed the user to click on an icon that corresponded to each behavioral container so that the time elapsed would be based on the exact time that each speciÞc cricket entered the center tube (i.e., start time). This was important because the crickets were placed in the entrance tubes one at a time, and it typically took an average of 10 min to put all crickets into their respective tubes. After the mole cricket was placed into the entrance tube, the end of the tube was sealed with a small piece of Þberglass window screen (New York Wire, Mt. Wolf, PA) secured with a rubber band. All tests were conducted under black landscaping plastic (WarpÕs Carry-home Coverall 4 mil Plastic Sheeting, Chicago, IL) to prevent irregular mole cricket behaviors caused by light exposure, and all windows in the test room were covered with the same plastic.
For all tests, treatments were randomly assigned to containers each night, and the treated side alternated between the left and right containers to eliminate any mole cricket directional preferences. After the treated and untreated soils were added to each test container, plastic lids were placed on top of all containers, and the crickets were introduced into the entrance tubes one at a time. Eighteen hours after the start of the last treatment, the test was ended by stopping the software program on the computer (Thompson 2006) , and the plastic covers were removed from all containers. Each container was checked for the presence of new surface tunneling, and as the soil was emptied, the Þnal location of each mole cricket was recorded. All containers, lids, and T connectors were sterilized in 10% bleach (6% sodium hypochlorite; The Clorox Company, Oakland, CA) solution before use and between replications to prevent contamination. All tubing was removed from the containers after each nightÕs tests and replaced with new pieces of tubing. Because the software logged the exact time that any of the photosensors was blocked, the following data were extracted from the spreadsheets: length of time before the Þrst sensor trigger (and which sensor was triggered Þrst) and the number of times each sensor was triggered.
Study I. In the spring of 2005, a study was conducted to evaluate the behavioral responses of southern mole crickets to various strains of B. bassiana conidia that were formulated in emulsiÞable oil carriers. The six treatments included strains MC, DB-2, 5977, and 3622 (formulated in JABBÕs proprietary carrier), strain GHA (formulated in Emerald BioagricultureÕs proprietary carrier), and an untreated control. Each replication consisted of one B. bassianaÐtreated container and one untreated container. The control consisted of two untreated containers to determine any mole cricket directional preferences. One hundred milliliters of liquid, composed of distilled water and 1.665 ϫ 10 10 conidia in the emulsiÞable oil carrier, was added to each treated container, and this resulted in the 7% soil moisture level. All untreated containers were composed of Wando Þne sand and 100 ml of distilled water, so that soil type and moisture were consistent across all treatments. Because a 24-port data acquisition module was used, 24 photosensors could run simultaneously; each behavioral test used 2 photosensors (1 each for the treated and untreated container) and this allowed for 12 replicates per night. For this study, six treatments were evaluated in total with two replicates of each conducted per night. Tests were conducted on 20 different nights between 14 April 2005 and 30 May, for a total of 40 replications per treatment.
Study II. A second study was conducted in the fall of 2005 with tawny mole crickets to test the repellency of the different components (carrier and conidia) compared with the formulated product and a conventional insecticide, bifenthrin. Strain MC was chosen for this test and an untreated control was also included. The same number of conidia was added to each container for the formulated treatment as for the unformulated conidia, and moisture levels were consistent across all treatments. An equivalent amount of carrier was added to the formulated product and carrier only treatments. Bifenthrin applications were made at the rate of 3.2 liters/ha, the higher label rate recommended for control of large mole cricket nymphs or adults. All treatments included a treated and an untreated container, as in the Þrst study, except for the control, which again consisted of two untreated containers. Because this study included Þve treatments, 20 ports of the data acquisition module were used, which still allowed for two replications of each treatment per night. Tests were conducted on 15 different nights between 18 October and 7 November, for a total of 30 replications per treatment.
Statistical Analysis. For the percentage of total triggers that occurred in treatment-associated photosensors, data were analyzed by factorial analysis of variance (ANOVA) using the general linear models procedure of SAS (PROC GLM; SAS Institute 2003). This procedure was also used to test for directional preferences indicated by the presence of tunneling in one side or another of all chambers. For the percentage of Þrst triggers that occurred on treatment sides, occurrence of tunneling in each container, and Þnal location of the cricket, data were analyzed by examining the strength of association between the mole cricket behaviors and treatments with a two-way contingency 
Results and Discussion
Overall, there were no directional preferences exhibited by the crickets that indicate they prefer turning right or left into the tubing once reaching the top of the T connector, as analyzed by the presence of tunneling in one side or the other. This was the case for the Þrst study (F ϭ 1.71; df ϭ 1,429; P ϭ 0.192) involving southern mole crickets as well as study II (F ϭ 0.29; df ϭ 1,261; P ϭ 0.593) with tawny mole crickets. Even though the treatments were randomly assigned to treatment containers each night, it was necessary to verify that results were not associated with any predisposed mole cricket directional preferences.
First Photosensor Trigger. Before conducting the studies, we believed that the mole crickets would be able to detect B. bassiana volatiles from the T connector (a distance of Ϸ8.0 cm) and would avoid contact with the conidia altogether by immediately entering the tube and corresponding container Þlled with untreated soil. A lack of preference or detection for one side or another would be indicated by mole crickets triggering photosensors on each side of the behavioral chamber equally (i.e., 50% for both sides of the chamber). It seems that the mole crickets cannot detect the volatiles from this distance and which tube they choose to initially travel through is random, because there were no signiÞcant differences in the overall percentage of photosensors that were Þrst triggered for treated and untreated containers.
This was the case in study I involving formulated B. bassiana strains ( 2 ϭ 2.00; df ϭ 5; P ϭ 0.850) and southern mole crickets and study II with tawny mole crickets, which included other treatments such as bifenthrin and the carrier of the conidia ( 2 ϭ 0.54; df ϭ 4; P ϭ 0.970). In study I, the photosensors associated with all Þve strains of B. bassiana were triggered at rates almost equivalent to the control-control treatment, which showed that both sensors were triggered Þrst equally (52.63 and 47.37% for the left and right sides, respectively). The percentage occurrence of the treated container being triggered Þrst in study I was 52.50% for 5977, 48.72% for 3622, 43.59% for MC, 48.72% for DB-2, and 40.00% for GHA. The same trend was exhibited in study II, where both sides of all treatments were Þrst triggered equally. The percentage occurrence of the treated container being triggered Þrst in this study was 50.00% for MC (formulated product), 56.67% for MC conidia only, 50.00% for carrier, and 53.33% for bifenthrin.
The results from these two studies suggest that both species of mole crickets randomly turn right or left when given the choice to go in two different directions, and this behavior is not inßuenced by the presence of B. bassiana conidia or other insecticides that are Ϸ8 cm away. Because mole crickets typically construct subterranean Y-shaped tunnels (Villani et al. 2002) , it is logical that their behavior, even in artiÞcial situations, exploits the opportunities that exist with two routes of movement.
Number of Photosensor Triggers. Because we observed that mole crickets randomly turn right or left in the tubing regardless of the location of the treatment or control, it was necessary to examine how many times the photosensors were triggered. We initially believed that the only time that the mole cricket would block the infrared light would be when passing through the sensor in route to a sand-Þlled container. After the Þrst night of testing, it was determined that there were often sensors triggered in instances when the mole cricket actually never entered the container (as evidenced by tunneling). The mole crickets were much more mobile in the tubes than expected, and were able to trigger sensors, back up, and then trigger again, often multiple times. Therefore, a signiÞcantly different number of photosensor triggers in any treatment in comparison with a control could indicate a change in behavior when in proximity (Ͼ2 cm) to pathogens or other treatments in the soil. To make more accurate comparisons, data were transformed from total number of photosensor triggers to percentage of triggers (for the treatment and control containers) out of total triggers for that particular behavioral chamber.
The percentage of triggers that occurred at treatment-associated photosensors was not signiÞcantly different than the percentage of triggers that occurred on each side of the control chamber in the Þrst study involving the Þve B. bassiana strains (F ϭ 0.63; df ϭ 5,190; P ϭ 0.676) or the second study (F ϭ 0.84; df ϭ 4,115; P ϭ 0.501). In study I, the left sensor of the control chamber had 44.95% of the total number of triggers, and in study II, the left sensor of the control chamber had 48.28% of the total number of triggers. Although smaller percentages of triggers occurred near the entrance to the treated soil for all Þve B. bassiana strains (35.07% for 5977, 35.99% for 3622, 37.96% for MC, 28.79% for DB-2, and 33.76% for GHA), these numerical differences were not signiÞcant.
The same trend was observed in study II; the percentage occurrence of triggers at the treatment container was 33.38% for MC (formulated product), 35.30% for MC conidia only, 38.51% for carrier, and 45.99% for bifenthrin. These data indicate that detection and avoidance behaviors for both southern and tawny mole crickets do not require signiÞcantly more associations (or contacts) with pathogens to differentiate between untreated soil and soil containing control agents. In Ϸ80Ð 90% of all containers in both tests, mole crickets triggered both sides of all treatment containers multiple times, rather than entering the center tube and quickly running down one side or another to enter the sand and only triggering one sensor once. This behavior indicates that the act of tunneling or remaining in a particular container is a response elicited by the presence of a pathogen or insecticide and not a random choice made by the mole crickets.
Presence of Tunneling. Because the soil surface in the containers was at a level just above the opening where the tubing connected, any tunneling by a mole cricket was readily observable. The presence of tunneling veriÞed that the mole cricket had made prolonged physical contact with the soil and any treatment in it. There were signiÞcant differences in the presence of tunneling in study I ( 2 ϭ 13.67; df ϭ 5; P ϭ 0.0178; Fig. 2 ). There was signiÞcantly less occurrence of tunneling in sand treated with B. bassiana ; df ϭ 1; P ϭ 0.0149), MC ( 2 ϭ 7.69; df ϭ 1; P ϭ 0.0055), and DB-2 ( 2 ϭ 7.44; df ϭ 1; P ϭ 0.0064) compared with the untreated control (Fig.  2) . This behavior indicates that southern mole cricket adults are able to detect and avoid prolonged contact with conidia of certain strains of B. bassiana. have also shown that mole crickets do not exhibit universal repellency behaviors toward all strains of entomopathogenic fungi, but instead, responses are strain speciÞc.
In study II, there were no differences in the presence of tunneling for any of the treatments ( 2 ϭ 6.42; df ϭ 4; P ϭ 0.1701). The percentage occurrence of tunneling in the treated container was 25.93% for MC (formulated product), 30.77% for MC conidia only, 17.39% for carrier, and 34.78% for bifenthrin. Because there were no differences between the control and any of the treatments in this study (relative to the occurrence of tunneling), it seems that there may be differences in the behaviors of the two species of mole crickets tested. Southern mole cricket adults avoided contact with strain MC in study I, whereas tawny mole cricket nymphs did not in study II; this suggests that southern mole crickets exhibit more extreme avoidance behaviors to B. bassiana. This supports the varying responses between species that Villani et al. (2002) observed in their behavioral assays involving both species of mole crickets and the entomopathogenic fungi M. anisopliae and B. bassiana. Differences in behaviors are logical given the biology of the two species. The predatory nature of southern mole crickets might suggest a more sensitive sensory system that facilitates the location of prey. Tawny mole crickets typically construct tunnels at the soil-root zone interface (Villani et al. 2002) , and therefore, food is readily available in that location at all times.
Final Location of Cricket. There were a number of instances when mole crickets tunneled through the sand in a particular container, but eventually left that location to go into the other side. A reduced occurrence of mole crickets being found in containers Þlled with treated soil may suggest that the mole crickets avoid contact for extended periods of time with the treatment in that container. The control-control treatment had 37.50 and 62.50% of the crickets in the left and right sides, respectively. All Þve B. bassiana strains caused fewer southern mole crickets to remain in the treated soil rather than the corresponding untreated container (Fig. 3 ). There were signiÞcant differences between the percentage of southerns that were discovered in sand-Þlled containers treated with B. bassiana strains 3622 ( 2 ϭ 4.47; df ϭ 1; P ϭ 0.0344), MC ( 2 ϭ 7.41; df ϭ 1; P ϭ 0.0065), DB-2 ( 2 ϭ 6.18; df ϭ 1; P ϭ 0.0129), and GHA ( 2 ϭ 4.23; df ϭ 1; P ϭ 0.0398) compared with the untreated control (Fig. 3) . Three of four of these strains were also signiÞcant for the presence of tunneling. The discrepancy for strain GHA indicates that the southern mole crickets may not have been able to detect the spores as well as the other three strains, but still were repelled enough to avoid remaining in GHA-treated sand.
In study II involving tawny mole crickets, there were no signiÞcant differences between any of the treatments ( 2 ϭ 7.47; df ϭ 4; P ϭ 0.1129) in regard to the percentage occurrence of crickets tunneling in treated versus untreated sand. The percentage of tawny mole crickets found in containers Þlled with treated sand was 25.93% for the formulated MC product, 29.63% for MC conidia only, 17.39% for the carrier, and 42.31% for bifenthrin. All of these treatments were numerically less than the 48.28% and 51.72% of crickets found in the left and right sides of the control-control chamber, but the differences were not signiÞcant. Like the percentage occurrence of tunneling, these results suggest a difference in behaviors between southern and tawny mole crickets, with S. borellii exhibiting stronger avoidance responses.
In conclusion, these studies indicate that mole crickets are capable of detecting and avoiding entomopathogenic fungi in the soil but are not able to recognize the conidia at distances of Ϸ8 cm. This suggests a chemosensory mechanism of detection, which may involve volatile cues, contact chemoreception, or postingestional mechanisms. Because the mole crickets were not directly observed during these studies, it is unknown whether they made contact with treated soil at the entrances of the containers. The avoidance behaviors exhibited by southern mole crickets suggest that they will avoid tunneling in soil treated with B. bassiana. If total avoidance is not possible, the mole crickets will abandon B. bassianaÐtreated soil and will not remain in that soil for long periods of time. It seems that southern mole crickets have more sensitive sensory perception because their avoidance responses were more extreme than those exhibited by tawny mole crickets toward the same strain of fungus. Results from these studies provide insight into why Þeld studies using B. bassiana for mole cricket control have failed to provide signiÞcant long-term control.
In areas with severe mole cricket infestations, the application of B. bassiana may provide a short period of reduced turfgrass damage caused by the avoidance behaviors of the crickets. However, because contact between the host and agent is required for infection, the repellent nature of pathogenic conidia for mole crickets will likely reduce mortality and thus long-term efÞciency of such treatments. Future research should focus on methods to minimize detection and avoidance of B. bassiana through the use of masking agents, baits, or other similar products.
